We study dissociative photoionization of molecular oxygen in a kinematically complete XUV-IR pump-probe experiment. Detecting charged fragments and photoelectrons in coincidence using a reaction microscope, we observe a pump-probe delay-dependent yield of very low (2012)]. In general, we find a good agreement between experimental and simulated KER and QB spectra. However, we could not reproduce all features of the experimental data with these PECs. In contrast, adjusting a Morse potential to the experimental data, most features of the experimental spectra are well reproduced by our simulation. By comparing this Morse potential to theoretically predicted PECs, we demonstrate the sensitivity of our experimental method to small changes in the shape of the binding potential.
I. INTRODUCTION
The ionization of molecules leads to the coherent excitation of a multitude of vibrational states often belonging to various ionic potential-energy curves (PECs). Due to their different eigenenergies, these vibrational states exhibit different phase evolutions and their superposition leads to a time-dependent nuclear vibrational wave packet. Its time evolution is determined by the vibrational level spacing which is on the order of 100 meV for light diatomic molecules. This translates into typical oscillation periods of a few tens of femtoseconds. In order to temporally resolve the evolution of such a wave packet, laser pulses shorter than the oscillation period have to be employed.
For H 2 , the simplest neutral molecule, vibrational wave packets have been extensively studied exploring pump-probe techniques throughout the last decade [1] [2] [3] [4] [5] . While only a single binding electronic state exists in H 2 + , more complex diatomic molecules feature a large variety of bound ionic states (a selection of PECs of O 2 + is plotted in Fig. 1 ). This complicates the interpretation of experimental kinetic-energyrelease (KER) spectra and might explain why the detailed wave-packet dynamics in atmospherically relevant diatomic molecules such as N 2 or O 2 [6] [7] [8] [9] has been investigated less frequently than in H 2 + and its isotopes. A few years ago the nuclear vibrational motion in a binding O 2 + molecular state was observed in an IR-IR (infrared) pumpprobe experiment [7] . Soon after that quantum simulations [8] confirmed the interpretation that in this experiment strong-field ionization to the binding O 2 + (a ) state by an IR probe pulse which causes the molecule to dissociate (Fig. 2) . In these experiments very intense laser pulses (up to 3 × 10 14 W/cm 2 ) were used which cannot be treated perturbatively. The general agreement between theory and experiment is good. However, discrepancies remain between the measured and simulated quantum-beat frequencies. Furthermore, measured O + KER spectra show distinct maxima in the O + yield which are not reproduced in simulated spectra.
In our XUV-IR pump-probe experiment, we use an XUV pulse to initiate the wave-packet oscillation by single-photon ionization and probe the dynamics with a weak IR pulse (≈3 × 10 12 W/cm 2 ). Therefore perturbation of the PECs during the pump and probe step is small. Compared to strong-field experiments with intense IR pulses [7] , this is advantageous as our goal here is the investigation of the unperturbed, field-free molecular dynamics on specific PECs. An XUV-XUV pumpprobe technique would be the method of choice to perform such an experiment since the interaction of the excited molecular cation with the probe pulse would be weaker. In state-of-the-art experiments with XUV pulses, however, pulse durations were too long to allow a temporal resolution of the wave-packet dynamics in O 2 + [11] . Within the framework of a coupled-channel simulation we show that the wave-packet dynamics is very sensitive to the shape of the binding potential and that the kinetic energies of measured O + fragments strongly depend on the PEC associated with the final antibonding adiabatic state of the molecular cation. This enables us to discriminate between different calculated PECs. Quantum-mechanical simulations performed using a Morse potential adjusted to the experimental data provide additional scrutiny of the accurate shape of the involved binding PEC.
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II. EXPERIMENTAL SETUP
In our experiment 30(5) fs IR laser pulses at a repetition rate of 8 kHz are spectrally broadened within a neon-filled hollow-core fiber and recompressed using chirped mirrors. We achieve a pulse duration of approximately 12(3) fs at a center wavelength of 760 nm. The pulses are divided in a pump and a probe pulse by a beam splitter (Fig. 3) within a vacuum chamber.
In the first beam path an attosecond pulse train is created via high-harmonic generation (HHG) within an argon-filled gas cell (labeled "HHG target" in Fig. 3 ) [12] . Behind an aluminum filter (labeled "Al filter" in Fig. 3 ), which blocks the copropagating fundamental light, the created XUV radiation Probe Ionization Energy (eV)
Internuclear distance R (a.u.) in the energy range between 17 and 40 eV is focused by a pair of mirrors (labeled "focusing mirrors" in Fig. 3 ) into a reaction microscope [13] .
Within the second beam path a retro reflector (Fig. 3 ) on a motorized delay stage is used to vary the optical path length of the IR probe pulse. This allows us to introduce large pumpprobe delays of up to 10 ps. The intensity of the probe pulse is controlled by a motorized iris aperture (Fig. 3) .
Both beams are collinearly overlapped behind a parabolic mirror (Fig. 3) , with a hole drilled along the cylinder axis. The XUV pulses are guided through this hole while the parabolic mirror focuses the IR pulse into the reaction volume of the reaction microscope. We reach effective IR intensities of 3 × 10 12 W/cm 2 within the pulse overlap. In the center of the reaction microscope a gas jet (Fig. 3) of O 2 molecules intersects the laser foci. Created photoions and photoelectrons are guided towards position-sensitive microchannel-plate detectors (labeled "MCP" in Fig. 3 ) using electric and magnetic fields. The initial three-dimensional momenta of all charged particles can be reconstructed from the particles' measured flight times and hit positions on the detector. This allows us to obtain kinematically complete information with full solid-angle acceptance. 
III. EXPERIMENTAL RESULTS
The main observable is a pump-probe time-delaydependent yield of low energetic O + fragments [ Fig. 4(a) ]. For this we consider the reaction
In the pump step, neutral oxygen molecules are ionized to the binding O 2 + (a PEC is flat for R R c , these fragments exhibit a low KER.
A. Wave-packet oscillation in the time domain
The experimentally observed O + counts are shown in Fig. 4 (a) as a function of the pump-probe delay and
. For E KER < 0.08 eV an oscillatory behavior of the yield with a period of 40 fs is clearly visible. The projection of the events indicated by the black box in Fig. 4 (a) onto the time-delay axis is shown in Fig. 4(b) .
The oscillation amplitude [ Fig. 4 (b)] varies as a function of the time delay. This is caused by the anharmonicity of the a 4 u PEC: as the spacings of the vibrational energies are not equidistant, the originally well-localized wave packet dephases over a period of approximately 640 fs before it revives after 1270 fs. Surprisingly the oscillation amplitude within the revival structure is much larger than close to the temporal overlap of the pump and probe pulse. This is in contrast to previous experiments on H 2 where the modulation within the revivals at increasingly larger time delay was observed to be decreasing [15] .
A possible explanation for this interesting feature in our data might be an increased ionization cross section to the a state for perpendicular orientation between the molecular axis and the XUV polarization. For photon energies between 30 and 40 eV, where our XUV spectrum is most intense, this assumption is supported by quantum mechanical calculations in Ref. [16] . Since the resonant probing process is only allowed for parallel transitions, i.e., for molecules oriented along the IR-pulse polarization direction [ Fig. 5(b) and Sec. III C], the molecular ion might require some time to align correctly to the probe field. This is further plausible since typical rotational periods of O 2 are (depending on the excited rotational states) of the order of hundreds of femtoseconds to a few picoseconds.
The time-independent signal in Fig. 4 at E KER ≈ 0.12 eV most likely originates from ionization to the O 2 + (B 2 − g ) state (red line in Fig. 1 ) that predissociates to the O(
+ fragments at the observed energy. This predissociation channel was reported in a previous measurement [17] . Experimental data for E KER < 0.013 eV is not plotted in Fig. 4 as for these energies a background of stable O 2 2+ (which has the same time-of-flight as very low energetic O + ions) dominates.
B. Wave-packet oscillation in the frequency domain
For a quantitative analysis of the beat frequencies we perform a Fourier transform at fixed KERs over the interval [0,2 ps] of the delay scan in Fig. 4(a) . In Fig. 5 (a) the absolute value of the obtained Fourier amplitude is plotted as a function of E KER and the quantum-beat (QB) energy, which is defined as E QB = ω QB . Here the QB frequency ω QB is the Fourier complementary variable of the pump-probe delay.
The strongest line at low E KER and E QB ≈ 0.104 eV corresponds to the visible oscillation in the time domain that is created by the beating between neighboring vibrational states. The QB energy coincides with the expected vibrational level spacings E v=10 − E v=9 = 0.103 eV and E v=9 − E v=8 = 0.106 eV of the a 4 u state calculated in Ref. [8] . In the experimental data these two energies are not resolved because the time-delay range of 2 ps is too short to allow their separation in the frequency domain.
An additional weak signal at E KER ≈ 0.22 eV originates from the beating of higher-lying vibrational states (most likely v = 11 and v = 10). Due to the anharmonicity of the binding potential this beating occurs at slightly lower QB energies than the beating between the states with v = 8, 9, and 10. A third weak signal at E QB ≈ 0.207 eV is caused by the beating between vibrational states with v = 2 (most likely v = 10 and v = 8). We describe several features which allow us to identify adiabatic PECs on which the nuclear motion occurs from the experimental data. A quantity important for the identification of the PECs is the angular dependence of the oscillatory signal. A Fourier transform of the low energetic O + yield as a function of the time delay and cos (θ ) is shown in Fig. 5(b) . Here θ denotes the angle between the IR polarization and the molecular axis. Experimentally, the alignment of the molecule is reconstructed from the momentum vector of the O + ion. The values cos (θ ) = ±1 and cos (θ ) = 0 correspond to molecules aligned along and perpendicular to the laser polarization, respectively. [18, 19] and calculated in Ref. [16] points to this intermediate state as well. Last but not least, the very good agreement between the experimental spectra and the results from coupled-channel simulations shown in the next section further supports our hypothesis.
C. Identification of potential-energy curves

IV. THEORETICAL DESCRIPTION
To gain a deeper understanding of the experimental data we perform coupled-channel simulations with different sets of PECs (for the used method see Refs. [7, 8, 11, 20] Fig. 2 ). Since the simulated QB energy and revival time based on the O 2 + (a 4 u ) from Refs. [7, 8] show some discrepancy with the experimental spectra, we also propagate the wave packet within a Morse potential (blue dash-dotted curve in Fig. 2 ) adjusted to our experimental data as discussed in Sec. IV C.
In all three cases the binding a Fig. 2 ), we find that (for all binding PECs used) the simulated KER distribution cannot reproduce the very low experimental KERs. Due to this we only present the simulated spectra obtained by using the repulsive f 4 g PEC taken from Ref. [10] in the following. The laser parameters are equal for all simulations throughout this work and match the parameters in our experiment: we use an IR-photon energy of 1.65 eV, a pulse length (intensity FWHM) of 12 fs, and a peak intensity of 3 × 10 12 W/cm 2 . The dipole coupling matrix elements between the two ionic states are taken from Ref. [8] .
A. Simulated spectra based on the a 4 u potential calculated by Magrakvelidze et al. [8] When the quantum simulation is performed with the a 4 u state calculated in Ref. [8] (red [dark gray] curve in Fig. 2 ) and the repulsive state calculated in Ref. [10] (solid green [light gray] curve in Fig. 2 ), the obtained KER spectrum is shifted by 50 meV towards lower KER compared to the experimental data. By treating the position of the f 4 g PEC as a free parameter, we found that shifting it by 0.08 a.u. towards larger internuclear distances (dashed green curve in Fig. 2 ) is necessary in order to reproduce the experimental KER distribution.
The result of the simulation with the shifted f 4 g PEC is plotted in Fig. 6(a) . A projection of the lower KER band (E KER < 0.08 eV) in Fig. 6(a) is plotted in Fig. 6(b) . The revival time is ≈1750 fs. It thus occurs 500 fs later than in our experiment. The QB spectrum corresponding to the simulated time-domain spectrum is shown in Fig. 7(a) . The position of the experimentally observed QB signals is indicated by white boxes. The agreement between theory and experiment is very good near the dominant QB energies (E QB ≈ 0.1 eV).
If instead of the repulsive f 4 g state from Ref. [10] the one calculated in Ref. [8] is used (red [dark gray] curve in Fig. 2) , the smallest KERs are larger than 0.1 eV and significantly higher than the smallest KERs observed in the experiment. This minimal KER is due to a small hump in the repulsive PEC at an internuclear distance of 4.5 a.u. Next, the coupled-channel simulation is performed using the a 4 u and f 4 g states calculated in Ref. [10] (solid green [light gray] curves in Fig. 2) . As in the previous case, the simulated O + yield as a function of the pump-probe delay and KER is obtained (not shown). The projection of the resulting lower KER band is shown in Fig. 6(c) . The broad revival structure is close to 1500 fs and thus slightly larger than the experimental value of 1270 fs. The QB spectrum corresponding to the delay-dependent spectrum is shown in Fig. 7(b) . We emphasize that for this combination of PECs the agreement with the experimental KER is better if the original f 4 g PEC is used instead of the one shifted by 0.08 a.u. The QB energies are considerably smaller than the ones obtained in experiment. As for the previously discussed case, by using the repulsive curve from Ref. [8] (red [dark gray] curve in Fig. 2 ) we were not able to reproduce the very low KERs observed in the experiment.
C. Using a Morse potential adjusted to the experimental data
With regard to the repulsive f 4 g PEC which has a strong effect on the simulated KER distribution, the comparison with the experimental data seems to favor the PEC calculated in Ref. [10] as very low KERs observed experimentally cannot be reproduced by our simulations using the f 4 g PEC from Ref. [8] . As expected, the binding PEC mostly influences the observed QB oscillation and revival time. Even though the revival time obtained with the PEC from Ref. [10] seems to fit slightly better to the experimental data, the QB energy obtained with the PEC from Ref. [8] (especially for the lower KER band at E KER 0.08 eV) is in excellent agreement with the experiment.
In order to demonstrate the sensitivity of the wave-packet dynamics to the exact shape of the binding potential, we additionally propagate a vibrational wave packet within a Morse potential:
The analytical solution for the wave-packet dynamics in the Morse potential shows that both the width a and the depth D e determine the QB frequency as well as the revival time [21] . Vice versa, the experimentally observed oscillation period and revival time can be used to deduce the parameters a = 1.320 a.u. and D e = 0.1007 a.u. The potential minimum R 0 remains a free parameter. Here we use the value of R 0 = 2.61 a.u. that was determined in a previous experiment [22] . The Morse potential with the described parameters is presented in Fig. 2 (blue dash-dotted curve). Figure 6 (d) shows the projection of the lower KER band resulting from the coupled-channel simulation using the Morse potential. Even though it deviates only slightly from the theoretically predicted PECs (see Fig. 2 ), the position and 043415-5 shape of the simulated revival time is in better agreement with the experimental data than the curves discussed in Secs. IV A and IV B above. This is expected since the Morse potential was adjusted to the experimental observables, but nevertheless demonstrates the extreme sensitivity of the wave-packet dynamics on the vibrational level spacing and, therefore, on the shape of the PEC.
The simulated QB spectrum using the Morse potential is shown in Fig. 7(c) . Similar to those with the first pair of PECs [discussed in Sec. IV A and shown in Fig. 7(a) ], the repulsive curve calculated in Ref. [10] is shifted by 0.08 a.u. towards larger internuclear distances (plotted as dashed green [light gray] curve in Fig. 2 ) in order to obtain an KER spectrum that is compatible with the experiment [ Fig. 5(a) ]. The broad line at E QB ≈ 0.1 eV features two maxima at 0.102 and 0.106 eV, which correspond to the expected vibrational level spacings in the coupling region. In addition, the KER distributions of these lines fit well to the experiment. Only the KER distribution of the events contributing to the signal at E QB ≈ 0.2 eV, which is created by a beating between vibrational states with v = 2, is shifted compared to the experimental data: In the simulated spectrum [ Fig. 7(c) ] the strongest signal appears at E KER ≈ 0.13 eV-in between the KERs featured by the signal at E QB ≈ 0.1 eV. In the experimental spectra, however, the E KER distribution at E QB ≈ 0.2 eV shows only very low KERs, similar to the strong signal at E QB ≈ 0.1 eV. The reason for this is currently unknown.
V. PHOTOELECTRONS
The QB spectrum of the photoelectrons detected in coincidence with O + ions of a kinetic energy between 0.013 and 0.08 eV-the KER region in which the oscillation is most pronounced-is plotted in Fig. 8(a) . This spectrum is used in the following to further confirm that the PECs involved in the nuclear motion have been identified correctly (compare Refs. [23, 24] for a similar approach). As in the ion spectra, a clear signal is visible at E QB ≈ 0.1 eV. The red bold curve in Fig. 8(b) shows a projection of events belonging to this signal onto the E e axis. The resulting electron spectrum therefore corresponds to photoelectrons created by ionization to the O 2 + (a 4 u ) state. Additionally, the time-delay independent spectrum is shown in Fig. 8(b) (blue bold dashed curve) . This signal is given by the projection of the dc component, i.e., the signal at E QB < 0.005 eV, onto the E e axis. In the following paragraph we first discuss the origin of this time-independent spectrum. Afterwards we discuss why the envelope of the time-dependent spectrum [red thin curve in Fig. 8(b) ] is shifted towards higher E e compared to the envelope of the background signal [blue thin dashed curve in Fig. 8(b) ].
The peaks in the time-delay independent signal [blue bold dashed curve in Fig. 8(b) ] are separated by ≈3.2 eV which is the odd-harmonic spacing of the XUV spectrum ( E HHG = 2hν IR ). The fact that the harmonic spectrum is clearly imprinted onto the electron energies is an indication that all significantly contributing PECs feature the same dissociation limit E diss 1 , since the electron energy is given by E e = hν XUV − E KER − E diss 1 (1) and E KER is limited to a small range of energies. As mentioned earlier, the low energetic, time-delay-independent ion yield is expected to be caused by the predissociation out of the O 2 + (B 2 − g ) state (red dash-dotted line in Fig. 1 ). We therefore assume that the time-delay-independent electron spectrum [blue bold dashed curve Fig. 8(b) 
As before, the range of E KER is small. Comparing Eqs. (1) and (2), a relative shift of the envelopes of the photoelectron spectra [ Fig. 8(b) ] by
is expected. The predicted shift is in qualitative agreement with the envelopes in Fig. 8(b) . This is a further indication that the PECs involved in the wave-packet dynamics have been identified correctly. The above argument is only valid because the photoionization cross sections to the B 2 − g and a 4 u states are calculated to be more or less constant for a photon energy between 30 and 40 eV [16] . Additionally the electron spectrum can be used to exclude a second reaction pathway, namely,
Here the XUV pulse resonantly excites the molecule and the wave packet oscillates in a PEC of a neutral state. This process cannot be excluded experimentally if only ion spectra are considered. In this case strong-field ionization would take place in the probe step and a low energetic electron would be emitted. The electron-energy spectrum plotted as the bold red curve in Fig. 8(b) , however, excludes this process for two reasons: first the electron yield increases with increasing E e . In addition the maxima in the electron yield are separated by ≈3.2 eV. Both features are signatures of ionization by a single, highly energetic photon created by HHG.
VI. SUMMARY AND OUTLOOK
We performed an XUV-IR pump-probe experiment examining the bound wave-packet dynamics in molecular oxygen ions. With a large pump-probe delay range we are able to fully resolve the first (half-)revival of the wave packet. By Fourier transforming the time-dependent signal, we obtain QB frequencies which are in excellent agreement with the vibrational level spacing of the bound ionic O 2 + (a 4 u ) state calculated in Ref. [8] .
A previous IR-IR pump-probe experiment [7] reported a beating between six vibrational states, while we only observe a beating between four states. This is probably due to the much higher probe intensity (up to 3 × 10 14 W/cm 2 ) used in Ref. [7] . Another important difference between our experimental results and those presented in Ref. [7] is the QB energy resulting from a beating between neighboring vibrational states. It was previously observed at 0.124 to 0.144 eV while we find QB energies between 0.098 and 0.106 eV.
By comparing with coupled-channel simulations, we tested different combinations of calculated PECs. While for the repulsive O 2 + (f 4 g ) curve, our experimental data favors one of the calculated PECs, neither of the theoretically predicted bound a 4 u states is in full agreement with the experimental spectra. For both PECs either the QB energy or the revival time deviates from the experimental one.
In order to demonstrate the sensitivity of our method to the shape of the binding PEC, we used an adjusted Morse potential in our calculations such that the experimentally observed features are reproduced best. The optimized Morse potential deviates only slightly from the calculated PECs.
Surprisingly, in our experimental data the oscillation amplitude in the revival is stronger than close to the temporal overlap of the pump and probe pulses. A simple explanation for this observation might be a different orientation of the molecule in the pump and the probe step. This hypothesis could be tested in a future experiment by using crossed polarizations in pump and probe pulses.
In principle, our XUV-IR pump-probe scheme can be used to investigate the wave-packet dynamics within any electronic state in a diatomic molecule, as long as this state can be coupled resonantly to a repulsive state by the infrared probe pulse. This has been reported for H 2 + in Ref. [4] . If the probe photon energy could be tuned many additional systems would fulfill this condition. In the case of O 2 + more vibrational states in the binding potential of the a 4 u state could be accessed by tuning the wavelength of the probe pulse leading to a very detailed probing of the PEC shapes [25, 26] .
